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Abstract 
Justification of the design decision for the cable-frame cover over small capacity stadium tribunes is introduced in this article. 
Approaches to justify a cover design model with the use of analytical and numerical methods have been considered. Data on the 
efficiency of the cover to the material consumption criterion have been obtained. 
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1. Introduction 
Stationary covers over stadium tribunes built according to international football organizations requirements have 
become one of the most dynamically developing types of space large-span frames attractive both by their 
architecture and design.  
A large number of stadiums have been built so far. Therefore there is a necessity to classify cover systems 
according to their construction types. The following types of construction cover are distinguished [1]: 
• Slung covers and structures; 
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• Rod covers; 
• Suspended covers (cable grid nets and membrane shells); 
• Beam and frame structures; 
• Cable-beam covers. 
All above mentioned cover designs successfully function being applied to big spans, high-capacity stadiums. But 
still there are a lot of stadiums of small capacity for the performance of local soccer teams which also require covers 
over their tribunes. The most suitable construction type for small capacity stadiums is a cable-beam cover system. 
Being simple in design and capable to provide the necessary cantilever, the main advantage of it is its flexible 
system of cover parameters and ability to be applied both to large and small areas. But for cable-beam cover systems 
applied to small stadiums there are few or even no developments allowing estimation of their economic efficiency. 
Therefore there is necessity to choose the most rational constructive form of cable-beam covers. 
2. Review of literature 
General calculation methods of constructions and their economic efficiency are introduced in paper [1]. 
However, the major attention in it is paid to the development of calculation methods of structures in the shape of rod 
and membrane covers, not cable-beam ones. Unlike cable-beam covers which can efficiently be applied to different 
cantilevers, the efficiency of the cover decreases with the decrease of its size in the plan – they are rational on big 
bays. 
The question of normalizing wind loads on non-standard constructions and constructions of difficult 
configuration has already been raised. In domestic construction norms [2] there is no regulatory base on the 
standardization of wind loads for unique constructions, thus, application of the existing norms will result in 
considerable discrepancy of the construction actual work. The most exact method of defining the wind impact on the 
object is creation of its model and blowing in a wind tunnel. This method yields the most reliable results, but in 
some cases its application is complicated. Modeling of wind blowing hasn’t been done in this research; the data of 
the wind influence on a construction have been obtained from paper [3] describing the effect of a wind stream on the 
FC "Dnieper" stadium model in Dnepropetrovsk. Though the design of the stadium differs from the construction 
under study, similar geometry of the cover allows the results of the experiments done to be used in the 
standardization of wind loads on the cover under consideration.  
The results of the impact of wind on membrane shells with a big cutout on the oval plan described in article [4] 
could also be used as the basic data for this report. Similar researches are described in works [5-19]. However, 
geometry of cover in paper [3] is closer to the one in the research introduced.   
3. Problem definition 
The main objective of this research is definition of the rational shape of cable-beam covers for the stadiums of 
small capacity and assessment of their economic efficiency (on steel consumption). 
The cable-beam cover system for the stadium with the capacity of 25 thousand seats (Fig. 1, 2, 3) presented 
below has been studied in this research. 
To study the spatial work and the stress-strain state of the cover the research has been divided into three stages: 
1. Analytical calculation of a flat frame applying the displacement method; 
2. Numerical calculation of a flat frame using the finite element method; 
3. Spatial numerical calculation of the whole cover applying the finite element method. 
4. Stage 1 
At the first stage the calculation of the frame has been done using the displacement method. 
The load on the cover: constant load + snow load. 
The scheme (Fig. 4, 5) is twice kinematically indeterminable. 
The following simplifications have been used in calculations: 
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- Cr.1, Cr.2, Cr.3 have been placed horizontally;  
- characteristic simplifications of the displacement method have been done. 
 
Fig. 1. Cover plan. 
  
Fig. 2. Section 1-1. Fig. 3. Design model of the cover. 
  
Fig. 4. The system set. Fig. 5. The main system of the displacement method. 
The following results have been obtained (Tab. 1, Fig. 6, 7): 
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Table 1. Efforts in frame elements 
Element  
Effort 
M, [kNm] N, [kN] Q, [kN] 
Cr.1 476.56(476.56) 0(0) -112.688(-112.688) 
Cr.2 577.1(516.243) -583.11(-589.564) -170.44(-177.573) 
Cr.3 237.87(279.275) -562.87(-575.384) -91.755(97.239) 
Cab.1 11.584(11.584) 648.19(655.362) 2.358(2.358) 
M1 193.374(135.281) -994.38(-968.237) 20.249(14.18) 
Cab.2 2.565(2.565) 906.97(927.141) 1.359(1.359) 
Col.1 145.679(101.66) 1256.58(-1243.049) 0(0) 
Col.2 0(0) 682.5(703.805) 0(0) 
Note. Calculation values with specified rigidity characteristics are given in brackets (see Tab. 2, stage 2). 
 
  
Fig. 6. Bending moment diagram  
(Calculation values with specified rigidity are given in brackets).  
Fig. 7. Axial force diagram. 
Conclusions to the first stage of the research: 
1) The greatest compressive force has been observed in Col.1 element;  
2) The greatest bending moment – in Cr.2 element; 
3) The most unprofitable combination of efforts has been observed in Cr.2 element where a big bending moment 
and rather a big compressive force in combination with a big length cause the greatest tension; 
4) Durability and stability of elements have been provided and there is no need to correct the set elements 
sections; 
5) Due to the introduction of simplifications into calculation there is a need for a more specified calculation of the 
flat scheme with the use of the finite-element method with the final setting of sections and rigidity characteristics. 
5. Stage 2 
At the second stage a separate calculation for two flat constructions located in different places of the cover has 
been made (Fig. 8, 9). The first flat frame has been located on the straight stretch of the covering, the second – in the 
angular zone of the covering (Fig. 8). 
  
Fig. 8. Arrangement of frames Fig. 9. Frame design model. 
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Table 2. Rigidity characteristics of frame elements 
Element No. Cross-section 
Cr.1 No. 40* 
Cr.2 No. 50* 
Cr.3 No. 50* 
Cab.1 Ø168u6** 
M1 Ø530u8** 
Cab.2 Ø219u7** 
Col.1 Ø530u8** 
Col.2 Ø273u4.5** 
Tr.1 No. 23* 
Note. * – in accordance with [20], ** – [21] 
The values of efforts in elements received are provided in Tab. 3 and in Fig. 10-13. 
Conclusions to the second stage of the research: 
1) Bending moments in angular frames are bigger than in intermediate ones. Longitudinal forces are bigger in 
intermediate frames. It is caused by the bigger cargo area of angular frames compared with intermediate ones (Tab. 4); 
2) The ratio of efforts remains approximately the same as at numerical calculation, the most intense element is Cr.2. 
To reduce the mass of the construction sections of some elements have been changed (see Tab. 5). Calculation 
with specified characteristics of rigidity has been done (see Tab. 3). 
Minor changes of efforts values have been observed. The cross force has remained almost unchanged. The 
bending moment has increased in all elements. The longitudinal force in the majority of elements has decreased. 
6. Stage 3 
At the third stage the spatial calculation of the whole construction cover has been carried out (see Fig. 3, Tab. 6). 
Two frames similar to the ones used at the second stage have been chosen to assess the spatial work of the 
construction (Fig. 14, 15). 
Table 3. Efforts in elements of intermediate and angular frames 
Element 
Effort 
M, [kNm] N, [kN] Q, [kN] 
Cr.1 500.04(500.04) 448.83(448.83) 
0(0) 
0(0) 
119.28(119.29) 
110.61(110,6) 
Cr.2 605.18(637.38) 617.98(652.01) 
-666.93(-663.71) 
-638.79(-635.39) 
184.59(186.22) 
188.03(189.75) 
Cr.3 364.38(377.9) 369.95(384.24) 
-646.32(-655.56) 
-618,3(-627,65) 
-111.79(-113.57) 
-113.8(-115.68) 
Cab.1 24.29(24.29) 24.29(24.29) 
690.83(687.22) 
660.49(658.68) 
-4.62(-4.62) 
-4.62(-4.62) 
M1 98.22(109.79) 104.75(116.98) 
-1169.42(-1165.17) 
-1120.76(-1116.28) 
0(0) 
0(0) 
Cab.2 8.68(8.68) 8.68(8.68) 
1112.71(1109.05) 
1065.82(1061.95) 
-2.71(-2.71) 
-2.71(-2.71) 
Col.1 142.59(149.69) 143.29(150.79) 
-1476.49(-1475.56) 
-1433.24(-1432.25) 
0(0) 
0(0) 
Col.2 0(0) 0(0) 
804.17(803.23) 
760.58(759.59) 
0(0) 
0(0) 
Note. The numerator contains the values of the efforts in elements of a flat intermediate frame, the denominator – that 
of an angular frame. Calculation values with specified characteristics of rigidity are given in brackets. 
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Fig. 10. Bending moment diagram. Straight stretch. Fig. 11. Axial force diagram. Straight stretch. 
  
Fig. 12. Bending moment diagram. Angular stretch. Fig. 13. Axial force diagram. Angular stretch. 
Table 4. Comparison of efforts in elements of intermediate and angular frames 
Element  
Difference, [%] 
M N Q 
Cr.1 -10.2(-10.2) 0(0) -7.3(-7.3) 
Cr.2 +2.1(+2.3) -4.2(-4.3) +1.9(+1.9) 
Cr.3 +1.5(+1.7) -4.3(-4.3) +1.8(+1.9) 
Cab.1 0(0) -4.3(-4.2) 0(0) 
M1 +6.6(+6.5) -4.2(-4.2) 0(0) 
Cab.2 0(0) -4.2(-4.2) 0(0) 
Col.1 +0.5(+0.7) -2.9(-2.9) 0(0) 
Col.2 0(0) -5.4(-5.4) 0(0) 
Note. Calculation values with specified characteristics of rigidity are given in brackets 
Table 5. Sections and their testing 
Element Geometry of sections Tension, [MPa] Load capacity reserve, [%] 
1 2 3 4 
Cr.1 
 
259.6 7.3 
Cr.2 
 
244.02 12.9 
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1 2 3 4 
Cr.3 
 
276.75 1.2 
Cab.1 
 
268.4 4.1 
M1 
 
261 6.8 
Cab.2 
 
237.9 15 
Col.1 
 
 
244.4 12.7 
Col.2 
 
239 14.6 
Table 6. Efforts in frame elements 
Element 
Effort 
M, [kNm] N, [kN] Q, [kN] 
Cr.1 514.98 236.42 
0 
0 
123.38 
63.68 
Cr.2 635.49 735.38 
-686.94 
-594.67 
188.86 
210.1 
Cr.3 412.74 330.18 
-661.87 
-454.01 
-118.05 
-126.17 
Cab.1 24.29 24.29 
708.38 
441.67 
-4.62 
-4.62 
M1 97.98 66.11 
-1198.08 
-755.52 
0 
0 
Cab.2 8.68 8.68 
1140.47 
709.88 
-2.71 
-2.71 
Col.1 124.69 335.45 
-1499.59 
-1122.23 
1.13 
-33.61 
Col.2 0 0 
793.73 
445.8 
0 
0 
Note. The numerator contains the values of efforts in the intermediate frame, the denominator – 
in the angular frame. 
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Fig. 14. Bending moment diagram. Values for the angular frame are 
given in brackets. 
Fig. 15. Axial force diagram. 
The check of the set sections maximum efforts durability has been done (Tab. 7). 
Table 7. The check of sections 
Element Tension, [MPa] Load capacity reserve, [%] 
Cr.1 267.58 4.4 
Cr.2 271.62 3 
Cr.3 234.6 16.2 
Cab.1 277 1.2 
M1 268.4 4.1 
Cab.2 244.6 12.6 
Col.1 (int.) 225.96 19 
Col.1 (ang.) 237.16 15.3 
Col.2 236.2 15.6 
The accepted section of Col.1 element corresponds to the durability conditions in intermediate frames, but in 
angular ones the effort is bigger and the accepted section is insufficient. Therefore for  angular frames the section 
530u7 mm has been accepted. 
The results of the two-dimensional and three-dimensional analysis have been compared (Stages 2 and 3) (Tab. 8). 
Conclusions to the third stage of the research: 
1) Big changes in efforts haven’t been observed on the straight stretch. This results from the fact that flat and 
spatial frames have identical cargo area on the straight stretch, i.e. each of them is equally loaded, thus, there is no 
effect of spatial work; 
2) The difference in the work of flat and spatial constructions has been observed on the angular stretch. The 
reason for this can be uneven loading of some frames located in an intermediate zone on a joint of straight and 
angular stretches. 
7. The impact of wind 
The check of construction durability at wind impacts has been carried out. The covering geometry causes only 
negative values of wind pressure (Fig. 16) and there is possibility of cover “clapping”. The load of the cover: 
constant load + wind load. 
Calculation results are as follows:  
1) The values of efforts in elements haven’t changed, i.e. stretched elements have remained stretched, and 
squeezed ones – squeezed. Thus, construction durability has been provided; 
2) Efforts in elements have become less noticeable, i.e. the wind creates an unloading impact on the cover (Tab. 9). 
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Table 8. Comparison of the two-dimensional and three-dimensional analysis 
Element 
Effort Difference, [%] 
M, [kNm] N, [kN] M N 
Cr.1 500.04(514.98) 448.83(236.42) 
0(0) 
0(0) 
-3.0 
47.3 
0 
0 
Cr.2 637.38(635.49) 652.01(735.38) 
-663.71(-686.94) 
-635.39(-594.67) 
0.3 
-12.8 
-3.5 
6.4 
Cr.3 377.9(412.74) 384.24(330.18) 
-655.56(-661.87) 
-627.65(-454.01) 
-9.2 
14.1 
-1.0 
27.7 
Cab.1 24.29(24.29) 24.29(24.29) 
687.22(708.38) 
658.68(441.67) 
0 
0 
-3.1 
32.9 
M1 109.79(97.98) 116.98(66.11) 
-1165.17(-1198.08) 
-1116.28(-755.52) 
10.8 
43.5 
-2.8 
32.3 
Cab.2 8.68(8.68) 8.68(8.68) 
1109.05(1140.47 
1061.95(709.88) 
0 
0 
-2.8 
33.2 
Col.1 149.69(124.69) 150.79(335.45) 
-1475.56(-1499.59) 
-1432.25(-1122.23) 
16.7 
-122.5 
-1.6 
21.6 
Col.2 0(0) 0(0) 
803.23(793.73) 
759.59(445.8) 
0 
0 
1.2 
41.3 
Note. The numerator contains the values of the two-dimensional analysis, in brackets – of the three-dimensional analysis 
calculations for an intermediate frame.  
The denominator contains the same values but for the angular one. 
8. Influence of constraints arrangement 
To assess the influence of the constraints arrangement scheme on the cover on general parameters of the stress-
strain state of the cover and to find the optimum shape of the cover two schemes of constrains arrangement have 
been compared (Fig. 17). 
Table 9. Efforts in frame elements 
Element  Effort 
M, [kNm] N, [kN] 
Cr.1 48.48 59.88 
0 
0 
Cr.2 100.01 102.09 
-83.43 
-115.96 
Cr.3 52.96 27.67 
-86.44 
-91.27 
Cab.1 24.29 24.29 
92.77 
99.88 
M1 23.47 6.55 
-180.97 
-190.23 
Cab.2 8.68 8.68 
152.04 
160.37 
Col.1 23.56 64.21 
-227.09 
-240.76 
Col.2 0 0 
112.29 
115.14 
Note. The numerator contains values of efforts in the intermediate frame, the 
denominator – in the angular one. 
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Fig. 16. Distribution of aerodynamic coefficient on the cover [3]. Fig. 17. The scheme of constraints arrangement. On the left – the 
maximum scheme, on the right – the scheme with the reduced number of 
constraints. 
The assessment has been carried out on the basis of the spatial calculation which results in the movement of the 
construction in the chosen points (Fig. 18, Tab. 10). 
 
Fig. 18. Control points. 
Table 10. Movement of points 
Point No. 
Movement of points 
X, [mm] Z, [mm] Y, [mm] 
1 
-3.13 
-2.9 
-102.75 
-96.78 
-1.62 
-4.66 
2 
-2.8 
-2.79 
-100.1 
-97.72 
-1.47 
-4.9 
3 
0.42 
0.41 
-2.07 
-2.02 
3.63 
-0.15 
4 
0.69 
0.43 
2.4 
2.32 
2.97 
-0.7 
5 
-9.68 
-6.36 
-4.72 
-4.59 
-20.75 
-24.85 
Note. The numerator contains the values for the scheme with the excess number of constraints. The denominator – with 
the reduced number of constraints. 
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It should be mentioned that the difference in movements is insignificant. 
9. General conclusions 
1. Flat schemes can be used to select elements on straight sites; 
2. For angular schemes it is possible to apply the coefficients of increase to flat schemes. For Cr. 2 n = 1.16, for 
Col.1 n = 2.7; 
3. The sparse bracing can be used (reduction on the constraints mass by 30%);  
4. Evaluation of cover efficiency according to the steel consumption criterion has been done.  
The consumption of steel is as follows: 
Table 11. Consumption of steel 
Type of elements Weight, [kg] All, [kg] 
Crossbars 168638.4 
305347 
Columns, masts 59115.8 
Cables 38280.5 
Horizontal constraints 32292 
Vertical constraints 7020 
The blocked square S = 15948.2 m2. 
The theoretical steel consumption is 20 kg/m2 – on the level of the best types of construction coverings. 
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